Blood, and Lung Institute's ARDS Network, the Albuterol for the Treatment of Acute Lung Injury trial, mortality had dropped to 21% overall (13) . While this improvement in patient outcomes in ALI is gratifying, it also creates a challenge for researchers designing clinical trials, because larger sample sizes are now required to demonstrate an effect on mortality. Selection of a higher risk subgroup of ALI patients may therefore be important in future trials of new therapies.
Predictive biomarkers have frequently been evaluated with receiver operating characteristic (ROC) analyses, which evaluate the discrimination of a test or marker (i.e., the accuracy with which the marker is associated with a dichotomous outcome) (14) . Because improvements in the C-statistic (commonly termed the "area under the curve") require large odds ratios with little overlap in values between cases and controls, sophisticated analyses have demonstrated that ROCbased approaches may be overly insensitive to the added value of a new marker. As an example, Cook and colleagues (14) demonstrated that such an approach would have led to discarding high-density lipoprotein, low-density lipoprotein, and total cholesterol as significant predictors of cardiovascular disease in the Women's Health Study. For this reason, novel methods of evaluating prognostic biomarkers that assess the biomarkers' relevant clinical value have been developed, including risk reclassification analysis (15) . This analytic approach has been applied to cardiovascular diseases, for instance, to measure the additive value of measuring multiple plasma biomarkers in patients at risk for coronary artery disease (16) , but risk reclassification has not been previously tested in ALI or in critical illness to our knowledge.
Given the demonstrated associations between single plasma biomarkers and prognosis in ALI, and our previous finding that data on multiple plasma biomarkers confer only a modest prognostic benefit using traditional ROC-based methods (17) , we hypothesized that a panel of plasma biomarkers, each individually shown to be associated with poor outcomes in ALI/ARDS (2-5, 7, 18) , would improve the accuracy of risk prediction when analyzed with novel risk reclassification methods (14, 16) . To test the robustness of these findings, we conducted these analyses in both a derivation cohort and a replication cohort of patients with ALI/ARDS, drawn from two large randomized controlled trials of ventilator management.
METHODS
Clinical data and biological samples were obtained from patients enrolled in the National Heart, Blood, and Lung Institute ARDS Network's randomized controlled trials of lower tidal volume ventilation (12) and higher vs. lower positive end-expiratory pressure (19) . Details of the original trials have been previously published in full. The lower tidal volume ventilation trial was used as the derivation cohort (n ϭ 902; full biomarker data available for 547), and the higher vs. lower positive end-expiratory pressure trial was used as a replication cohort (n ϭ 549; full biomarker data available for 500). All clinical data and biological samples used for this analysis were collected at the study baseline (prerandomization). Patients were followed until discharge home or death or for at least 90 days in both studies. Both trials were approved by the institutional review boards at each participating hospital; informed consent was obtained from the patients or surrogates at all but one hospital in the derivation cohort, where this requirement was waived. Additional information on the procedures for collecting and verifying clinical data in the original trials is available in the online supplement (see Supplemental Digital Content 1, http://links.lww.com/CCM/A215).
Assay Procedures. Plasma biomarkers were measured using enzyme-linked immunoassay techniques. Details of the methods used to perform the plasma measurements have been previously published (2-5, 7, 18) .
Statistical Methods. We considered for inclusion in the model eight plasma biomarkers previously associated with poor clinical outcomes in ALI/ARDS and previously measured in both cohorts: surfactant protein-D (SP-D) (7) , von Willebrand factor antigen (2), soluble intercellular adhesion molecule-1 (18) , interleukin-6 and interleukin-8 (IL-6, IL-8) (4), soluble tumor necrosis factor receptor-1 (sT-NFr-1) (5), plasminogen activator inhibitor-1 (3), and protein C (3). Box plots depicting the range of values for each biomarker in the derivation cohort are included in supplemental Figure E1 (see Supplemental Digital Content 1, http://links.lww.com/CCM/A215). Plasma measurements were made on the basis of plasma availability and have been previously included in other analyses (17, 20, 21) . Patients with any missing biomarker data were excluded. To reduce the number of biomarkers included and ensure that each biomarker contributed independent and orthogonal information to the predictive model, we constructed a multivariable logistic regression model for prediction of death in the derivation cohort including all eight biomarkers (as well as the use of lower tidal volume ventilation) (supplemental Table E1 ; see Supplemental Digital Content 1, http://links.lww.com/CCM/A215); using manual stepwise backward selection, biomarkers with nonsignificant p values (p Ͼ .05) were sequentially removed with serial iterations of the likelihood ratio test. Given their nonnormal distributions, all biomarker values were natural log-transformed for inclusion in regression models. Two patients had undetectable levels of one biomarker each (one for plasminogen activator inhibitor-1 and one for von Willebrand factor antigen); each was replaced by the value 1 to use log-transformed values.
We used the Acute Physiology and Chronic Health Evaluation (APACHE) III score as our clinical prediction model in light of recent data showing that APACHE scores predict clinical outcomes in ALI/ARDS patients with accuracy equivalent to that of a hand-selected group of clinical predictors (22) . Details of the calculation of APACHE III scores have been previously published (23) ; components include both acute physiologic variables and information on comorbidities. In the derivation cohort, assignment to lower tidal volume ventilation was included as a covariate in all models, given its beneficial effect on outcomes; in the replication cohort, in which all patients were ventilated with lower tidal volumes, the level of positive end-expiratory pressure had no significant impact on mortality and was not included as a covariate.
Unlike cardiovascular disease, risk prediction guidelines intended to direct therapy and/or research strategy do not exist for ALI/ ARDS. Thus, we empirically selected risk cutoffs with the goal of selecting a group of patients at higher than average risk of death but not at such high risk that future research interventions would be unlikely to have benefit. We tested the ability of the clinical prediction model to accurately classify patients into one of three risk categories (Ͻ30% risk of death, 30% to 70% risk, Ͼ70% risk) on the basis of hospital survival at 90 days. We then added the selected biomarkers as predictors to the model. The accuracies of these two models (clinical prediction model alone vs. an expanded model including clinical and biomarker data) were compared using the risk reclassification approach of Pencina et al (15) . In this approach, the proportion of subjects whose risk is more accurately classified using the expanded model is balanced against the proportion of subjects whose risk is less accurately classified with the expanded model, generating a net reclassification improvement and an associated p value (derived from a standard z score). The formula used to calculate the net reclassification improvement and a sample calculation are shown in supplemental Figure  E2 (see Supplemental Digital Content 1, http://links.lww.com/CCM/A215). In addition, we calculated the integrated discrimination improvement (IDI), which evaluates reclassifications that occur at all levels of risk by treating predicted risk as a continuous variable (15) . Both the net reclassification improvement and IDI are reported as a percent improvement, which compares the proportion of patients correctly classified in the new model with that correctly classified in the old model. We assessed model calibration for the logistic regression model including biomarkers using the standardized mortality ratio, the Hosmer-Lemeshow test, and a graphical examination of observed vs. predicted risk, all of which demonstrated excellent calibration in both the derivation and replication cohorts. We also evaluated the incremental benefit to the C-statistic observed with the addition of the biomarkers to the clinical prediction model in both cohorts. Some of the results of these studies have been previously reported in the form of an abstract (24) .
RESULTS
Clinical Characteristics of the Subjects. The clinical characteristics of the patients in the derivation and replication cohorts are shown in (Table 1) . While the demographic characteristics of the two populations were fundamentally similar, the severity of illness and clinical outcomes differed significantly between the two cohorts. Specifically, patients enrolled in the replication cohort had a higher severity of illness, as measured by the APACHE III score, but better clinical outcomes when compared with patients in the derivation cohort.
Selection of Biomarkers for Inclusion.
Biomarkers were selected for inclusion in the predictive model on the basis of their independent contributions to predicting death at 90 days in the derivation cohort, as described in more detail in the statistical methods. Plasminogen activator inhibitor-1, IL-6, and protein C were sequentially removed from the original model (supplemental Table E1 ; see Supplemental Digital Content 1, http://links.lww.com/CCM/A215) due to their lack of independent statistical contribution, leaving SP-D, IL-8, soluble intercellular adhesion molecule-1, von Willebrand factor antigen, and sTNFr-1 ( Table 2) .
Additive Value of Biomarkers Using Risk Reclassification. In the derivation cohort, the addition of data on the five selected biomarkers improved risk prediction significantly, compared with the clinical prediction model alone ( Table 3) . Among 183 patients who died, 41 were predicted to be at higher risk using the biomarker model, while 16 were predicted to be at lower risk. Among 359 patients who survived, 67 were reclassified into a lower risk category using the biomarker model, while 36 were reclassified into a higher risk category. The net reclassification improvement for the biomarker model, compared with a clinical prediction model including the APACHE III score and the use of lower tidal volume ventilation, was 22% (95% confidence interval 13% to 32%; p Ͻ .001). Calculation of the net reclassification improvement is shown in supplemental The IDI considers reclassifications that occur at all levels of risk by treating predicted risk as a continuous variable. In the derivation cohort, the IDI demonstrated significant improvement in risk classification across all levels of risk (IDI ϭ 0.099; p Ͻ .001) ( Fig. 1a ).
Findings were similar in the replication cohort (supplemental Table E2 [see Supplemental Digital Content 1, http://links.lww.com/CCM/A215]; Fig.  1b ). Specifically, among 132 patients who died, 26 were estimated to be at higher risk after reclassification, while 6 were estimated to be at lower risk. Among 362 patients who survived, 24 were estimated to be at lower risk, while 19 were estimated to be at higher risk. The net reclassification improvement was 17% (95% confidence interval 7% to 26%; p Ͻ .001), while the IDI was 0.039 (p Ͻ .001). Data expressed as mean Ϯ SD, n (%), or median (interquartile range) as appropriate. Excluded patients were missing one or more biomarker measurements. The table depicts results from a multivariable logistic regression with the outcome of death at 90 days. Odds ratios represent the changes in the odds of death per one natural log increase in the biomarker level. Use of lower tidal volume ventilation was also included as a predictor in this model, since the data were derived from the Acute Respiratory Distress Syndrome Network's trial of lower tidal volume ventilation, as was the Acute Physiology and Chronic Health Evaluation III score.
Sensitivity Analysis Using Different
Risk Cutoffs. To test the robustness of these results, we conducted sensitivity analyses in which we evaluated the effect of altering the risk cutoffs. We tested cutoffs of 25% and 75%, as well as cutoffs of 33% and 66%. In both cases, the net reclassification improvement remained highly significant in both cohorts (supplemental Table E3 ; see Supplemental Digital Content 1, http://links.lww.com/CCM/A215). When more extreme risk cutoffs of 20% and 80% were selected, resulting in a more heterogeneous range of risks in the middle subgroup, the improvements in risk prediction were weaker.
Comparison With the C-Statistic. We also analyzed the discriminating accuracy of the clinical prediction model compared with the model including the biomarkers using a traditional, ROC curve approach ( Table 4 ). In the derivation cohort, the addition of the panel of five biomarkers to the clinical prediction model significantly improved the C-statistic (p value for comparison of ROC curves of Ͻ.001). In the replication cohort, the improvement in the C-statistic did not meet criteria for statistical significance, although it was close to significant (p ϭ .051).
Reduced Biomarker Model Using Risk Reclassification. To minimize the number of biomarkers needed and increase the practicality of the measurement, we tested the net reclassification improvement of all combinations of two or three biomarkers in the derivation cohort (supplemental Table  E4 ; see Supplemental Digital Content 1, http://links.lww.com/CCM/A215). The best combination of three biomarkers was IL-8, SP-D, and sTNFr-1; this combination yielded a net reclassification improvement of 19% in the derivation cohort (p Ͻ .001) and 16% in the replication cohort (p Ͻ .001).
DISCUSSION
With mortality continuing to decline in clinical trials in ALI (25) , new approaches to the selection of high-risk patients for enrollment in clinical trials may help reduce the sample size needed to test the effect of new therapies. We found that data on plasma levels of five biomarkers (soluble intercellular adhesion molecule-1, von Willebrand factor antigen, IL-8, SP-D, and sTNFr-1) significantly improved risk prediction when compared to a robust clinical prediction model. This improvement in risk prediction was demonstrated in both derivation and replication cohorts and was main- ; patients who died and patients who did not die are represented separately, since the direction of improved classification differs between these two groups. The line of equivalence is marked in blue; green dots represent subjects with more accurate risk prediction in the biomarker model, and red dots represent subjects with less accurate risk prediction in the biomarker model. Patients above the line of equivalence had higher risk predicted from the biomarker model than the clinical prediction model (APACHE III plus lower tidal volume ventilation); patients below the line of equivalence had higher risk predicted from the clinical prediction model than the biomarker model. Clinical predictors: Acute Physiology and Chronic Health Evaluation III score, use of lower tidal volume ventilation. Net reclassification improvement of 22% (p Ͻ .001). Five patients not included due to missing data on the Acute Physiology and Chronic Health Evaluation score. tained in sensitivity analyses using different risk cutoffs designed to capture a moderate risk subgroup of patients. Reduction of the biomarker model to include only three biomarkers (IL-8, sT-NFr-1, and SP-D) resulted in only a minimal decrement in accuracy. Of note, analysis of the predictive value of the biomarkers using risk reclassification methods was much more sensitive to changes in predictive accuracy than analysis using traditional ROC curve methods, a finding that has been demonstrated in other disease states (14, 16) . While the declining mortality rate in randomized controlled trials of ALI is cause for celebration for those who care for patients with lung injury, such improvements in outcome also generate serious consequences for prospective clinical trials in ALI. As an example, if a new therapy as effective as the use of lower tidal volume ventilation (relative risk reduction of 22%) were tested on a cohort of patients with a mortality rate similar to that of patients enrolled in the Albuterol for the Treatment of Acute Lung Injury trial (20%), 2,462 patients would need to be enrolled to have adequate statistical power to demonstrate an effect, nearly triple the number of patients enrolled in the original lower tidal volume trial (12) . Increasingly large trials are more costly and require both more complex organizational effort and considerably longer time windows to complete. Of more concern, trials of smaller sample size then become increasingly underpowered and prone to type II error (that is, missing a true positive effect). Finally, enrolling patients at low risk of death into trials of potentially risky new treatments may be ethically questionable if the risk of the novel therapy being tested exceeds its potential mortality benefits. Thus, selecting a higher risk group of patients for enrollment in ALI clinical trials is urgently needed on scientific, logistic, financial, ethical, and clinical grounds.
From a practical standpoint, how could a risk prediction strategy such as this be used to select patients for enrollment in clinical trials? As described above, the number of biomarkers measured could be reduced to three (IL-8, SP-D, and sTNFr-1) without a significant loss in predictive accuracy; these assays would require only 250 L of plasma if performed individually and markedly less if measured in a multiplex system. This quantity of sample could likely be obtained from excess plasma drawn for clin-ical purposes, thus allowing patients to be screened for eligibility without additional blood sampling. Once the biomarkers are measured, a process that could reasonably be performed in 6 -8 hrs, the results could then be used in combination with APACHE score to calculate a predicted probability of death for each patient. A sample calculation is provided in supplemental Figure E3 (see Supplemental Digital Content 1, http://links.lww.com/CCM/A215). Patients at moderate risk of death could then be preferentially enrolled in a largescale clinical trial of a higher risk novel therapy; alternatively, for phase I or equivalent trials, patients at higher risk of death could be preferentially enrolled, as is currently the practice in phase I oncology trials of new and potentially toxic agents. Furthermore, as more biomarkers are measured in routine clinical practice, the improvement in substantively predictive clinical prediction models such as APACHE III may become more clinically relevant.
Since no established categories for risk prediction exist in ALI, in contrast to coronary artery disease, our choice of risk cutoffs was derived from our observation of prior studies in ALI and the need to select a moderately high risk group of patients for clinical trials of future therapies. The risk cutoffs presented here were selected empirically to generate useful subgroups-specifically to enable the selection of a group of patients at moderate risk of mortality in whom the risk of death may be more modifiable than in those at either extreme of risk. However, as both the IDI and the data in Figure 1 demonstrate, meaningful reclassifications occurred at all levels of risk in both survivors and nonsurvivors and in both the derivation and replication cohorts. This finding underscores the result of our sensitivity analyses by demonstrating that the improvement in meaningful reclassification is robust to changes in the precise risk categories selected.
This study has important implications for future biomarker research in critically ill patients. ROC curve analysis is frequently used to test the utility of novel biomarkers for diagnosis and prognosis both in critical illness (acute kidney injury, ventilator-associated pneumonia) (26, 27) and in other disease states (28) and has considerable value in these analyses, in part due to its easy interpretability. As Cook and colleagues (14) elegantly demonstrated, however, this analytic approach may be insensitive to changes in prognostic accuracy, and its use could lead to discarding as useless biomarkers that have since been demonstrated to have major utility for both pathogenesis and prognosis (e.g., high-density lipoprotein cholesterol in coronary artery disease). Our analysis confirms that an ROCbased approach may be insensitive to major changes in predictive accuracy, as the contribution of biomarkers to risk prediction that was both statistically and clinically significant in the replication cohort (17%) was not clearly significant using ROC-based analysis. These findings suggest that alternatives to ROC-based analyses should be included in future studies of the prognostic contribution of novel biomarkers.
One of the strengths of this study is the availability of both a derivation and a replication cohort. While inclusion and exclusion criteria were similar for the two cohorts, mortality and other important clinical outcomes such as ventilator-free days differed considerably between the two groups (12, 19) , suggesting that the reclassification approach is robust to changes in the rate of outcomes in the population studied. Likewise, the detailed protocols and data standardization employed by the ARDS Network result in data that are methodologically consistent across both the derivation and validation cohorts, thus rendering differences in outcome potentially more meaningful. Another strength of the study is the diversity of lung injury patients included in the trial. Patients were drawn from multiple centers around the United States, represented a range of racial and ethnic groups, and were well-balanced for gender. Furthermore, the most common etiologies of ALI (sepsis, pneumonia, aspiration, trauma) were well represented in both cohorts.
We considered other clinical prediction models before selecting the APACHE score as the comparison group against which to judge the utility of the biomarker panel. Specifically, we considered using a hand-selected set of clinical predictors with demonstrated associations with mortality in the derivation cohort. However, we ultimately selected APACHE III scores as the optimal clinical predictive model for several reasons. First, APACHE III scores performed better in tests of discrimination in the derivation cohort than hand-selected clinical prediction models (data not shown). Second, Cooke and colleagues recently reported that APACHE scores perform equally well compared to carefully constructed multivariable models in patients with ALI in both population-based cohorts and in the Acute Respiratory Management in Acute Respiratory Distress Syndrome data set (this study's derivation cohort) (22) . Third, APACHE IV (a recently developed update of the APACHE III scoring system) was the most accurate predictor of riskadjusted intensive care unit mortality in a recently published large populationbased cohort (29) .
This study has some limitations. First, plasma biomarkers were not measured on all patients in both cohorts, although the number of patients with missing biomarker data in the replication cohort was small (n ϭ 49). Plasma was unavailable in the majority of cases due to the fact that many patients in the derivation cohort were co-enrolled in trials of ketoconazole and lisofylline, which required measurement of plasma drug levels. There were no differences in mortality, ventilatorfree days, APACHE III score, gender, race-ethnicity, PaO 2 /FIO 2 ratio, or cause of ALI between subjects who had missing biomarker data and those who were included in the derivation cohort (data not shown). Second, we considered for inclusion in our models only those plasma biomarkers previously measured by our group in both the derivation and replication cohorts. Other plasma and urine biomarkers have prognostic value in patients with ALI, both in patients from the derivation cohort (6, 30, 31) and in patients from other ALI cohorts (32, 33) . Due to the very limited volume of plasma and urine remaining from these cohorts, measurement of additional biomarkers in these patients was not feasible. Thus, it is possible that additional biomarkers could add additional predictive value beyond the improvements demonstrated with these five biomarkers. Third, patients enrolled in randomized controlled trials may not be representative of the broader population of patients with ALI/ARDS, which may limit the generalizability of our findings. Finally, close inspection of the predictive value of both the clinical and biomarker models reveals that both predictive models skew toward predicting lower risk. Specifically, some patients who died were predicted by both models in both cohorts to be low risk (Ͻ30%), while relatively few patients were predicted by either model to be high risk (Ͼ70%). Similarly, in the example calculation provided in the online supplement (see Supplemental Digital Content 1, http://links.lww.com/CCM/A215), while the biomarker model improves the accuracy of mortality prediction, the predicted risk of death for the patient (who ultimately dies) remains lower than 50%. This discrepancy suggests that one or several important contributors to mortality have not been included in either predictive model, and thus, there remains room for improvement in both the clinical prediction model and the risk reclassification models we have developed.
In summary, the addition of data on five plasma biomarkers to previously validated clinical prediction models significantly improved risk prediction in two cohorts of patients with ALI, both a derivation and a replication cohort. In an era of declining mortality and increasingly large sample size requirements for clinical trials in ALI (25) , the use of selected plasma biomarkers to risk stratify patients before enrollment in trials of novel therapies should be further investigated.
